The unexpected notion that disease resistance mechanisms may use similar regulatory pathways to developmental processes has emerged from recent advances in understanding signal transduction pathways in insects, mammals and plants.
A recent study [1] on disease resistance mechanisms in Drosophila made the surprising discovery that part of the signalling pathway that establishes dorsoventral polarity during embryogenesis -a set of interacting components that can be considered a conserved regulatory casette -is also involved in the fruitfly's potent antifungal response. The discovery of a shared pathway linking a developmental process with disease resistance is seminal, because of the striking parallels that exist between this pathway, the cytokine-induced activation of the transcription factor NF-B in mammals, and several recently discovered genes involved in the disease resistance and development in plants. If the use of similar or identical signalling steps in development and disease resistance is a general phenomenon in higher eukaryotes, it may provide an important conceptual framework for the investigation of these two fundamental processes, especially in plants where information about both processes is limited.
The pathway in Drosophila that determines dorsoventral polarity of the embryo is defined by a signal that promotes ventral fate (Fig. 1) [2] . The ventralizing signal is a spatially-localized ligand, derived from the proteolytic processing of the Spätzle protein, which can activate the uniformly distributed, transmembrane receptor Toll. Activation of Toll initiates a signalling cascade that includes Tube, a protein of unknown function, and Pelle, a serine/threonine protein kinase. Toll activation is correlated with the dissociation of Cactus, an inhibitor protein, from the cytoplasmically-localized Cactus-Dorsal complex. The freed Dorsal homodimer can then be transported into the nucleus, where it promotes the transcription of genes leading to ventralization.
The use of components of the dorsoventral pathway in signalling disease resistance was recently unmasked by Lemaitre et al. [1] . These authors demonstrated that the genes spätzle, Toll, tube, pelle and cactus are all required for the control of a defense response that involves, in part, the synthesis of drosomycin, a potent antifungal peptide. Flies with mutations disrupting the signal cascade between Spätzle and Cactus, but not in upstream or downstream steps in the pathway, failed to make significant amounts of drosomycin, and exhibited reduced expression of other antimicrobial proteins. The mutant flies rapidly succumbed to fungal infection, underlining the importance of The steps of the Drosophila dorsoventral signalling pathway that are shared between dorsoventral signalling in early embryos and defense response signalling in adult flies. Yellow arrows indicate steps specific to the developmental pathway, and blue arrows steps specific to defense response signalling. Spz, Spätzle, the extracellular ligand, which is proteolytically cleaved to an active form; Tl, Toll, the transmembrane receptor; Pll, Pelle, a serine/threonine protein kinase; Cact, Cactus, an inhibitor protein; Dl, Dorsal, a Rel-like transcription factor that activates ventralizing genes; Dif, dorsal-related immunity factor, is a Rel-like transcription factor thought to activate transcription of the gene for the antifungal peptide drosomycin and other defense response genes. this pathway for disease resistance. The partner of Cactus in the drosomycin-induction pathway is unknown, but it may be the dorsal-related immunity factor, Dif, which like Dorsal is a member of the Rel family of transcription factors. Five of the twelve components of the dorsoventral regulatory cascade would thus appear to comprise an ancient activation pathway involved in both development and disease resistance.
The NF-B-mediated interleukin-1 (IL-1) signal transduction pathway in mammals shows similarities to the Toll pathway in Drosophila [3] . The pathways use homologous receptors, kinases, transcription factors and transcription factor inhibitors ( Fig. 2) . Specifically, the cytoplasmic domains of the IL-1 type 1 receptor and Toll are homologous [3] , and the IL-1 receptor-associated kinase (IRAK) is very similar in sequence to Pelle [4] . NF-B belongs to the Rel family of transcription factors and is homologous to Dorsal [5] . Also, NF-B is inhibited and held in the cytoplasm by IB, which is homologous to Cactus [5] .
Biochemical studies of the IL-1 signal transduction pathway may provide insights into the function of their Drosophila and plant counterparts. For example, after treatment with IL-1, IRAK forms a complex with the IL-1 receptor, indicating that the kinase and receptor interact directly [4] . When stimulated by IL-1, IB is phosphorylated and then degraded, allowing NF-B to move into the nucleus, where it stimulates transcription of the IB gene among others [5] .
As with the Toll pathway in Drosophila, components of the mammalian IL-1 response pathway play a role in both disease resistance and development. As the mammalian immune system relies in part on the proliferation of certain cells in response to pathogen attack, it is not surprising that the regulation of defense genes and developmental genes are intertwined. IL-1 plays a role in the inflammation response and the activation of other immune responses, and it stimulates the proliferation of thymocytes, B cells and hematopoietic progenitor cells [3] . Another intriguing link between disease resistance and development is revealed by the role of NF-B in liver regeneration [6] . Within minutes of a partial hepatectomy, NF-B activity is greatly increased in the remaining liver tissue, where it is thought to activate the transcription of the 'early' genes required to stimulate the remaining liver cells to reenter the cell cycle.
Given the functional and sequence parallels between the pathways controlled by Toll and the IL-1 receptor, it is intriguing to speculate on the striking similarities observed with several of the recently cloned plant disease resistance and development genes ( Table 1 ). The first link with the Toll/IL-1 receptor pathway came with the isolation of the tobacco N gene, required for resistance to the pathogen, tobacco mosaic virus (TMV) [7] . This gene encodes a cytoplasmic protein, which has a leucine-rich repeat (LRR) domain and an amino-terminal domain similar in sequence to the cytoplasmic signalling domains of Toll and the IL-1 receptor (Fig. 2) Additional similarities to the Toll signalling pathway were noted with the cloning of the tomato disease resistance gene PTO [7] and the Arabidopsis NPR1 gene, which is 
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© 1997 Current Biology required for the expression of a generalized defense response called systemic acquired resistance [8] . PTO is a serine/threonine protein kinase, like Pelle. Arabidopsis npr1 mutants do not express defense response proteins and display an enhanced susceptibility to a variety of pathogens, highlighting the importance of NPR1 in generalized defense responses. NPR1 encodes a novel protein containing two regions with homology to sequence motifs known as ankyrin repeats. Ankyrin repeats are involved in protein-protein interactions and have been identified in diverse groups of proteins, most notably in Cactus and IB. The specific role of the NPR1 protein in plant disease resistance signalling is unknown. No plant defense or resistance gene similar to tube, dorsal or dif has been identified as yet.
The protein products of several plant disease resistance genes lack the Toll-like signalling domain, but most have an LRR domain. Some resistance gene products, such as Xa21, also contain a kinase domain, and some, such as RPM1 and RPS2, have a site with weak homology to a leucine zipper and a nucleotide-binding site [7] . The signalling pathway from the initial detection of pathogen attack to the activation of defense response genes may be more direct for these resistance gene products than for those with a Toll-like signalling domain. For example, the Xa21 kinase domain may be activated directly upon ligand binding by the presumed LRR receptor domain, thereby bypassing the intermediate signalling steps.
Although the link between development and disease resistance is well established in insects and mammals, the links are only speculative in plants. In part, this may be due to the paucity of knowledge about these processes in plants. However, the recent cloning of two genes, ERECTA [9] and CLAVATA1 [10] , which control morphogenesis and are thought to be involved in cell-cell communication, has provided a tantalizing, if tenuous, link to plant disease resistance. Like the Xa21 protein, ERECTA and CLAVATA1 appear to be transmembrane receptor protein kinases (Table 1, Fig. 2 ). The presumed receptor domains are composed of LRRs, while the intracellular domains resemble serine/threonine protein kinases. These proteins are therefore likely to bind an extracellular ligand and initiate downstream signalling via the kinase domain, as postulated for Xa21.
At present there are no known shared intermediates between developmental and disease resistance signalling pathways in plants, and signalling subsequent to ligand binding to a resistance gene product is clearly complex and may involve steps unique to specific resistance genes. However, the example of the Drosophila drosomycin pathway and the sequence similarities among plant resistance and development genes is enticing. A consequence of a shared pathway is that mutants isolated on the basis of a defective disease resistance phenotype may also display altered developmental characteristics, and vice versa, and it will be interesting to investigate signalling mutants in this Dispatch R177 new light. Some of the potentially most interesting mutants with altered resistance may be missing from collections because they exhibit severe developmental defects that preclude their recovery in simple screens.
The implications of an ancient regulatory cascade uniting insects, mammals and plants are far-reaching, especially considering that the last common ancestor of these diverse groups was probably unicellular. Were components of a progenitor disease resistance signalling pathway adopted for use in cell-cell signalling as organisms evolved a multicellular habit? The possible use of similar or identical signalling components in both development and disease resistance provides an exciting intellectual framework with which to study these two key processes in plants.
